Multiple surface plasmon-polariton (SPP) waves excited at the interface of a homogeneous isotropic metal and a chiral sculptured thin film (STF) impregnated with silver nanoparticles were theoretically assessed for the multiple-SPP-waves-based sensing of a fluid uniformly infiltrating the chiral STF. The Bruggemann homogenization formalism was used in two different modalities to determine the three principal relative permittivity scalars of the silver-nanoparticle-impregnated chiral STF infiltrated uniformly by the fluid. The dynamic sensitivity increased when silver nanoparticles were present, provided their volume fraction did not exceed about 1 %.
Introduction
Optical sensors that rely on the variability of the excitation of a surface plasmon-polariton (SPP) wave guided by the planar interface of a metal and a homogeneous isotropic Muhammad Faryad muhammad.faryad@lums.edu.pk Akhlesh Lakhtakia akhlesh@psu.edu dielectric (HID) material with respect to the refractive index of the latter material are widely used to detect and quantify the concentrations of analytes [1] [2] [3] . At any given freespace wavelength λ 0 , only one SPP wave can be excited in a sensor of this kind [4] and can be used to detect a single analyte present in the HID material [2, 3] .
Despite successes, strategies to economically [5] improve reliability continue to be devised. One strategy is to disperse a small volume fraction of metal nanoparticles in the HID material [6] [7] [8] , which is usually a fluid for sensing applications. This strategy exploits the excitation of the Fröhlich mode [9] or a localized surface-plasmon resonance [10] in a metal nanoparticle by an SPP wave. Metal nanoparticles have been reported to increase the sensitivity, depending on the substrate as well as the shape and material of the nanoparticles [6, 7, 11, 12] . Also, metal nanoparticles are necessary to provide sites for recognition molecules that would bind to the specific analyte to be detected [13] .
An emerging strategy is to replace the HID material by a periodically nonhomogeneous dielectric (PND) material that is porous [14] . The planar interface of a metal and a PND material is capable of guiding multiple SPP waves of the same frequency and direction of propagation but with different polarization states, phase speeds, spatial profiles, attenuation rates, and degrees of localization to the interface [15] . If the PND material is porous, it can be infiltrated with the analyte to be sensed. Multiple SPP waves provide the opportunity for more reliable and more sensitive optical sensing than a single SPP wave. The higher sensitivity has been established both theoretically [16, 17] and experimentally [14] using chiral sculptured thin films (STFs) as porous PND materials. The higher reliability is due to the fact that more than one SPP waves can be used to sense the same analyte, thereby increasing the confidence in the measurements. However, the effect of infiltration of the chiral Fig. 1 Schematics of a the canonical boundary-value problem, and b the Turbadar-Kretschmann-Raether prism-coupled configuration STF by metal nanoparticles in a multiple-SPP-waves-based sensing scenario is not known.
Therefore, we set out to investigate multiple-SPPwaves-based sensing in which a chiral STF [18] is infiltrated by metal nanoparticles as well as a fluid. A chiral STF is an ensemble of parallel nanohelixes, and is therefore macroscopically conceptualized as an anisotropic and helically nonhomogeneous material in the optical spectral regime. We first determined the complex wave-numbers q of SPP waves in a canonical boundary-value problem in which a metal and a chiral STF occupy adjoining half spaces. Then we determined the angle of incidence θ inc of light that is needed to excite an SPP wave in the Turbadar-Kretschmann-Raether prism-coupled configuration [15] employed for experiments.
The plan of this paper is as follows: Section "Microscopic-to-continuum Model for Chiral STFs" describes the calculation of three nanoscale parameters by using the inverse Bruggeman homogenization formalism and the use of the forward Bruggeman homogenization formalism to determine the constitutive parameters of the chiral STF a b Fig. 2 a Real and b imaginary parts of q/k 0 plotted against n when f np = 0. The solutions found were organized in three branches labeled '1', '2', and '3' [16] in which silver nanoparticles are placed and whose void regions are infiltrated by a fluid; Section "Canonical Boundary-value Problem" describes the underlying canonical boundary-value problem for finding the wavenumbers of the possible SPP waves; and Section "Prism-coupled a b Fig. 3 a θ SPP predicted for the prism-coupled configuration by using the data of Fig. 2 in Eq. 4 and b the dynamic sensitivity ρ as a function of n for each branch when f np = 0. The acronym RIU stands for "refractive-index unit" Configuration" describes the prism-coupled configuration. In Section "Numerical Results and Discussion", numerical results of the canonical boundary-value problem and the prism-coupled configuration are presented and discussed. Concluding remarks are presented in Section "Concluding Remarks". An exp(−iωt) dependence on time t is implicit, where ω is the angular frequency and i = √ −1. The Cartesian unit vectors are denoted byû x ,û y , andû z ; dyadics are double underlined; vectors are in bold face; and the freespace wavenumber and wavelength are denoted by k o = ω √ ε 0 μ 0 and λ 0 = 2π/k 0 , respectively, where μ 0 is the permeability of free space and ε 0 is the permittivity of free space.
Theory in Brief

Microscopic-to-continuum Model for Chiral STFs
Chiral STFs are usually fabricated using physical vapor deposition by directing a vapor flux towards a rotating substrate at an angle χ v [18] . The angle χ v , the deposition rate, and the rotation speed of the substrate are the main factors on which the porosity of the chiral STF depends. The relative permittivity dyadic of a chiral STF is stated as 
where the direction of helical nonhomogeneity is parallel to the z axis, χ ∈ (0, π/2] is the angle of rise of the nanohelixes in the chiral STF with respect to the xy plane, 2 is the helical period, and h = +1 for structural right handedness but h = −1 for structural left handedness. The three principal relative permittivity scalars ε a , ε b , and ε c will be different for an as-deposited chiral STF than for a chiral STF containing the metal nanoparticles and/or infiltrated by a fluid. The process to determine these quantities for the present work relies on both experimental data and a theoretical microscopic-to-continuum model [16] . The as-deposited chiral STF is supposed to be made of a material of refractive index n s , this material assumed to be deposited in the form of electrically small ellipsoids with a transverse aspect ratio γ b somewhat larger than unity and a slenderness ratio γ τ 1; i.e., every nanohelix is a string of ellipsoidal sausages. The volume fraction of the deposited material is denoted by f s ∈ [0, 1]. The void regions are thought of as electrically small spheres of unit refractive index. The metal nanoparticles are assumed to be electrically small spheres of refractive index n np . The fluid is taken to be distributed as electrically small spheres of refractive index n .
As discussed elsewhere [16] , h is fixed during deposition, while and χ can be determined from scanning electron micrographs of the as-deposited chiral STF. Let ε a = ε a1 , ε b = ε b1 , and ε c = ε c1 for the as-deposited chiral STF. With the assumptions that (i) ε a1,b1,c1 have been measured through optical experiments, (ii) γ τ = 15, and (iii) the asdeposited chiral STF is a composite material comprising the deposited material and air, the inverse Bruggeman formalism can be employed to determine n s , f s , and γ b [16] . Let us note that the effect of increasing γ τ beyond 10 is insignificant [15] .
Suppose next that ε a = ε a2 , ε b = ε b2 , and ε c = ε c2 for a chiral STF uniformly infiltrated by metal nanospheres and/or fluid nanospheres. The volume fraction of the metal is denoted by f np ∈ [0, 1], while that of the fluid is denoted
With n s , f s , γ b , n np and f np known, ε a2,b2,c2 can be determined using the forward Bruggeman formalism [19] . Obviously, f np = 0 if there are no metal nanoparticles [15, 16] . Furthermore, if the fluid is absent, we have to set n = 1 while implementing the forward Bruggeman formalism.
Canonical Boundary-value Problem
In order to formulate the canonical problem for SPP wave propagation [15] , we take the half space z < 0 to be wholly occupied by a metal of refractive index n met and the half space z > 0 by the chiral STF, as shown in Fig. 1a .
The SPP wave is taken to propagate parallel to the unit vectorû prop =û x cos ψ +û y sin ψ, ψ ∈ [0, 2π), in the xy plane and to decay far away from the interface z = ,
where the complex-valued wavenumber q and the vector functions e(z) and h(z) are not known. The procedure to obtain a dispersion equation for q is provided in detail elsewhere [15, Chap. 3] , and so is the procedure to determine the functions e(z) and h(z) for each solution q of the dispersion equation.
Prism-coupled Configuration
The prism-coupled configuration shown in Fig. 1b is practically implementable. Light of fixed polarization state and free-space wavelength λ 0 is incident on the semicircular face of the prism at an angle θ inc , the refractive index of the prism being denoted by n prism . The base of the prism is coated with a metal layer of thickness L met and refractive index n met . The other face of metal layer is in intimate contact with a chiral STF of thickness L d , beyond which is a half space occupied by the fluid. With I inc as the intensity of light inside the prism impinging upon the prism/metal interface and I ref as the intensity of light inside the prism reflected by the prism/metal interface, the detailed procedure to determine the ratio R = I ref /I inc is available elsewhere [15] .
The minimums of R are identified as the angle θ inc ∈ [0, π/2) is varied. If a certain minimum occurs at the same value θ SPP of θ inc for all L d greater than some threshold value while no transmission occurs into the half space occupied by the fluid, an SPP wave guided by the metal/chiral-STF interface is said to be excited. Then,
ideally, where q is a solution of the dispersion equation of the canonical boundary-value problem.
Numerical Results and Discussion
For all numerical results presented in this paper, we fixed λ 0 = 633 nm and set ε a1 = 3.2589, ε b1 = 4.4571, ε c1 = 3.7829, and χ = 58.9928 • , in accord with previous works [15, 16, 20] . The inverse Bruggeman formalism yields n s = 3.0517, f s = 0.5039, and γ b = 1.8381 [16] . We also chose h = 1, = 200 nm, n prism = 2.6 (zinc selenide), n met = 1.3799 + 7.6095i (aluminum), L met = 15 nm, and n np = 0.0562+4.2776i (silver). Without significant loss of generality, we fixed ψ = 0. The parameters L d , f np , and n ∈ [1, 1.5] were kept as variables. We confined the search for solutions to Re(q)/k 0 ∈ [1, 3] .
Chiral STF Without Nanoparticles (f np = 0)
In order to assess the effects of metal nanoparticles residing inside a chiral STF, let us begin with the sensing of a fluid when f np = 0 [16] .
The real and imaginary parts of the relative wavenumbers q/k 0 are plotted in Fig. 2 as functions of the refractive index n ∈ [1, 1.5]. All solutions of the dispersion equation for SPP waves are organized in three branches 
for all three branches are plotted against n in Fig. 3 , which shows that (i) θ inc is very sensitive to changes in n and (ii) ρ can be as high as 30 deg/RIU (branch 3). When n = 1.33 (water), then SPP waves are predicted to be excited at θ SPP ∈ {33.6 • , 49.2 • , 61.5 • } in the prism-coupled configuration, according to Fig. 3a . Figure 4 presents the reflectances R p and R s as functions of θ inc for incident pand s-polarized light, respectively, when L d ∈ {4 , 6 , 8 }. From Fig. 4a , we conclude that SPP waves are excited at θ inc ∈ {33.5 • , 49.2 • , 62.5 • } because the angular locations of the minimums of R p are very weakly dependent on L d when that thickness is large enough. We have also confirmed that these angular locations do not Fig. 4b , we conclude that incident s-polarized light is able to excite an SPP wave at θ inc = 49.3 • . Thus, the predictions from the canonical boundary-value problem match the conclusions one can draw for the prism-coupled configuration.
Chiral STF with Silver Nanoparticles (f np > 0)
Let us now present results for f np > 0, i.e., when the chiral STF contains silver nanoparticles. In practice, f np must be very small or the chiral STF would become highly conducting, leading to the disappearance of SPP waves. For theoretical work, f np must be very small or the Bruggeman formalism will yield unphysical results [19, 21] . Figure 5 presents the real and imaginary parts of q/k 0 when f np = 0.01. Just as for f np = 0 in Fig. 2 , three branches of SPP waves exist in Fig. 5 . The presence of the silver nanoparticles tends to reduce both the phase speed v ph and the propagation distance prop . Even more significantly, the higher-v ph branches 1 and 2 terminate at lower values of n when the silver nanoparticles are present. Figure 6 provides the predicted values of θ SPP and ρ when f np = 0.01. As indicated by Eq. 4 and confirmed by a comparison of Figs. 3 and 6 , SPP waves should be excited by less obliquely incident light when the silver nanoparticles are present. However, the maximum ρ increases from about 30 deg/RIU in Fig. 3b for f np = 0 to about 69 deg/RIU in Fig. 6b for f np = 0.01 for branch 3.
When n = 1.33, Fig. 6a indicates that SPP waves can be excited at θ SPP ∈ {54.3 • , 67.9 • } in the prism-coupled configuration. Thus, the number of SPP waves predicted reduces by unity when 1 % volume of the chiral STF is occupied by the silver nanoparticles. This reduction is confirmed by the plots of R p versus θ inc in Fig. 7a , the minimums of R p indicating SPP-wave excitation being located at θ inc ∈ {54.3 • , 68.4 • }. Moreover, incident s-polarized light can excite an SPP wave at θ inc = 54.3 • , according to Fig. 7b .
To find the sweet spot for the highest but practical value of the dynamic sensitivity ρ, we have mapped it as a function of f np and n in Figs. 8-10 for the three branches of solutions. We chose n ∈ [1.3, 1.6], since most liquids have refractive index in this range. Figure 8 shows that, on branch 1, SPP waves exist only when f np ≤ 0.004 to detect liquids with n ∈ (1.3, 1.6 ) and the change in ρ is very small. For the chosen prism and the chiral STF, the SPP waves on this branch are excited with 
Chiral STF with Absorbing Dielectric Nanoparticles
To see if the enhancement of dynamic sensitivity is due to absorption loss induced by silver nanoparticles in the chiral STF or if it is due to the negative real part of the permittivity of the silver nanoparticles, we computed ρ when the silver nanoparticles of relative permittivity (0.0562 + 4.2776i) 2 = −18.2947+0.4808i are replaced by absorbing dielectric nanoparticles of relative permittivity (4.2776 + 0.0562i) 2 = 18.2947 + 0.4808i. The data for f np = 0.01 are shown in Fig. 11 . A comparison of this figure with Figs. 3b and 6b shows that the dynamic sensitivity is unaffected by the deployment of the absorbing dielectric nanoparticles-in contrast to the deployment of the same volume fraction of silver nanoparticles.
Chiral STF with Gold Nanoparticles
Also, we performed calculations with gold nanoparticles (n np = 0.1834 + 3.4332i) deployed instead of silver nanoparticles, while f np = 0.005 fixed and n ∈ [1, 1.5] variable. Branch 3 disappeared. The enhancement of dynamic sensitivity was negligible with gold nanoparticles, with the maximum value of ρ being 24 deg/RIU for branch 1 and 26 deg/RIU for branch 2. These values of maximum ρ are much lower than those obtained with 0.5 % volume fraction of silver nanoparticles: 54 deg/RIU for branch 1, 29 deg/RIU for branch 2, and 24 deg/RIU for branch 3.
Concluding Remarks
The multiple-SPP-waves-based sensing of a fluid uniformly infiltrating a chiral STF impregnated with metal nanoparticles was studied theoretically, when the chiral STF is deployed in the prism-coupled configuration [1] . Comparison was made with the case when the nanoparticles are absent [16] . The Bruggemann homogenization formalism was used in two different ways to model the three principal relative permittivity scalars of the metal-nanoparticleimpregnated chiral STF flooded by the fluid.
The main conclusion is that the dynamic sensitivity of the SPP-wave-based optical sensor can increase significantly when the chiral STF is impregnated with silver nanoparticles, provided that the silver volume fraction does not exceed about 1 %. The enhancement in the dynamic sensitivity is not due to the absorption introduced by the silver nanoparticles and should be attributed to the local-field enhancement due to the metal nanoparticles [10] and the possible interaction of particle plasmon-polaritons and surface plasmon-polaritons [11, 12] . Gold nanoparticles did not enhance dynamic sensitivity as well as silver nanoparticles.
